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i_ .ABSTRACT

_ Tensile-properties data rarepresented on fifteen materials which were tested

i; a_c 75°F3 olO0°F, -320°F and -423°F temperatures.. The test-equlpment utillzed.to

_, obtain these _ata a_d test me_hods are described. The test results are discussed ....

i " Mater!sa.s__valua_ed are :

_' Titanium Alloys: 5 AI-2.5 Sn ELI
i "" 6 AI-4V ELI

.

- Stainless Steels and Iron-Base Alloys: 321, 347C, AM350, A286,!

, " 18_ Ni maraglng steel.
',

I' Nicke-laBase.Alloys: Has_el!oy C_ Inconel X-7..50_Inconel 713.-C

Aluminum Alloys: A356-T6, 2219-T813 5£56-0, 6061-T61 7079-T6.
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._ 17_I_ODUCTION

_i The information presented in this_paper has been compiled from tests per-

_i] formed at AeroJet-General Corporation, both in.Sacramento and the Yon Karman

Center at Azusa. It represents_the results _of screening and accepts_neetests .
_I_

!'i conducted in conjunction .withthe NEKVA .program. The tensile properties obtained_

i_ from these screening tests were utilized,in establi._hlngdesign allo_bles on .....

i_ materials for different missile components. The following families of materials
_| were investigated: J

il Titanium (AIIO-AT-ELI-5 AI_R_5 Sn), C120 AV ELI (6_AI-_V)
F_

_I! Iron-base Alloys (321_ _hTC, AM_50, A_86, 18_ Ni. (250)) Maraging Steel

Nickel-base Alloys: Hastelloy C, Inconel X-750 and 713C
r_

_... Aluminum Alloys : A350-T6, 2219-T81, 5456-0, 6061.T6 and 7079-96

,_ Several conditiOns of some ofthese.materlals were evaluated. Ultimate and

I yield tensile strength, elongation,.area_reduction,.and notched tensile properties
i• were obtained and are_presented in tabular form. Data were obtained at room

: temperature, -lO0°F,.-520°F and.-423°F temperattu'es. ,"hedata was obtained
utilizing a modified NASA type-flat specimen and the R3 type round specimen, _s

specified in Method 211.1 of Federal Test Method Standard 151A.
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EXPERIME._"'I_LEQU_MENT

i_ EqUipment

All_uensile tests were performed On 60,000-1b capacity Baldwln-type hydraulic-

operated tensile machines.

i For the tests.-at -lO0°F and_-320°F., a special llquld .container was. fabricated°

i! The co-.ta_ner consisted of two_.s_ainlesa steel beakers of different sizes_ which :_

;:. w::re _e_ted and welded together a_ the t.opj fonaing a .double-walled vessel s open

_:: at one enl, A D,ole was bored in,the bottom ofthls cbmcnber.and the lowem-speclmen-
i_. .,

,;" grip_Ing fixture was inserted, and,.welded.in place ........The chamber.between the inner

i and outer val.L_ %zs then evacuated and.sealed_off to provide thermal, insulation,
i} _ne fluid level in the container was _mlntained three inches above lhe top of t.he

_. _pecimen. Straln. meAsurements, were taken by means of an extensometer mounted _n

L,'.. the _ens_le specimen, The extension rods were attached _o a differential _ransformer

8_ove the cryogenic fluid, fnom which strain signals were transmitted to the st.fess-

_, _vral__ chart• on the _ens_.le machine.

•"e-zvsat .-'_23°Fwere conducted in a cr;togenic tes_ cell, u_ilizing a 20;000-.

lb cz_aci_,,/cry.carat, Figure I shows the cry.oscar.in posit.ion for a tensile test.;

co.,_,.,_-¢'.elro a 125-11ter supply dewar nonr,aining liquid hydrogen, Liquid hydrogen

_:-ter_ th-.:cryos_.a_ through the flexible vacuum-Jacketed %ube connected %o the lid:

,.._seo_ehydrogen exhausts %hrough the other tube shown, Liquid-level was controlled

.. w_,:_-. the a_d of an indicator, consia_in_ of carbon resis_or_ mounted in a rake

+, otr-.-.In:_,easu_ementswere %e/_en by-means of a standard room..temperature Baldwin

'

i- r e._agtag extenaometer (Model PS_M)_.modlfled for cryogen.it use, The_modiflcatlon

cor,si_r:,d of replacing _he rubber-Jacketed leadln wires with Teflon-coated wireS,

and repl.aci:-,gall _he-carbon-steel parts, with ones ma_e of 300-serles stainless

steel, D.'_InG one of the test serles_ _train-type measurements w_re take, blr

czo_head m_ver.._ntusing a defleetometer_ since the standard extensometer was

,_ndezgolnz the abow described modification,.
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_ Speclmens

, The materials were tested _using modified NASA type.flat or the R3.type.... ,

I_i r_und specimens_. Figure _2 shows the.unnotched flat specimen. Figure 3 shows

11 the notched metal specimen, having _a stress-concentrationfactor, Kt, of 6.3. _.i!i ,
R3 typ.especimens shown in_Fi.Eur_4, which have an.O.25 in. diameter gage section, i

were used because of.the low .load cap_city of the liquld-hydro@en de_ar and to

allow fabrication of _pecimens from limited quantities of material. _ i
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TEST PROCEDURES

All tensile ,tests were _onducted in accordance with _-_thod 211.1 of Federal

Test Me_hOd Standard No_ 15_la, which is essentlallx identical with ASTM Specifi-

cation E8-61T...Load as a function of deformation w_s automatically recorded._

Straln-rate used for these •tests was .0.05 In_¢h-per_-Inch,per.minute. In the majority.

of tests, an extensometer was used for _train measurements ....In one serles of.tests

at -423°F, during which the.extensometer was inoperative, the sp.eed of testing was _

controlled according to rates of stressing. The strcss rates were •selected, on

the basis of best available information, as those which woul_ be approximately

equivalent tO the above, strain rate.

The properties were determh_ed with _the specimens complelely submerged in

the cryogenic fx_id. All specimens were soaked for at least 20 minutes before_

testing.
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SELECTED MATERIALS AND TEST RESULTS
,| , |,

All materials selected for.these tests are potentlal candidate materials _

for..appl_Icationin different component_ in a radiation environment. Most of them

are being utilized in other rocket engines and have very attractive .strengthrtO-

welhgh!_ratloor were expected to have good ductility at low temperatures.

a. Titanium Alloys i

Two types of _itanium alloys were tested: All0-AT-ELI (5 A1 2.5 Sn)

and CI20-AV-ELI (6 A1 4%'). 1

(I) AII0-AT-ELI (5 A1 2_5 Sn) 1

{
Several conditions of this material were tested. 1

(a) Hot rolled and annealed plates (0.25 in.).

(b) Forged plate (0_5 in.)_ i

'1(C) Extruded cylinders.

(d) Forged and rolled rings.

(e) Die-forged closures I

Material for items (c), (d), and (e)were taken from parts used in

the fabrication of a %itan_um pressure vessel.

Chemical composition of all heats of the titanium materials were made

and.compared with the specification requirements. The results are shown in

Table I. AveraGe tensile properties for each heat and test temperature are shown

in Table 2.

Several interesting comparisons weremade R0ssible by the variety of

metal working processes used in manufacturing the materials from which specimens

were taken. {

il(a) Plate Materials -

A comparison of hot-rolled with the forged plates at -423°F {{

shows that strength and ductlllty of transverse type specimens are approximately

equa.l. The _qul'_alenceof ductility is based on a comparison of areareductions {{

rather than the elongations. ![
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Comparison ._o_hot-rolled ,pla._a(transverse_ specimens ) with

_'_!_ extruded cylinders (circumferential specimens), all manufactured from the same

_:, heatj shows that rOOm temperature_ten,lie, el ongatlon, and area reduction are .
k

!)_ practically identicaL,In sPite ofthe dlfferences_in sp.@clmen size and configu-
t

_ - ration_
i,

" (b) For gln_s .....

i_. CompariSon of circumferential,type specimens from,_ ring

forging and a closur_ forging _b.owed_that the zing f.orgings exhibited l_ss ductility

at all _.emperatures. At. room temperature:, its tensile, yield and notch-ultlmate
h

_, strengths were higher than those of the closure.forging. A+_ -100°E, the ring

I_ forging had slightly higher tensile and notch-ultlmate strengths and equal yield

!_ _.. strengths., At -520°F, _he tensile and_notch-u!_imate strengthswere equal, but

_i the yia.ld strength of the ring forging was higher. At -423°F,. the ring f.orglng

i had lower _ensile strength and yield strength, and equal notch-ultlmate strengths.

_: The interesting feature is _he crossover range at -320°F and bJ_._low.

i_ Test results .obtained from the closure forging comps.re very

closely wlt_ _he results obtained on_ extruded cylinder made from the same heat
/

!: (c) Extrude.a Cylinders

I The tensile properties from all three extruded cylinders in

the circumferential direction were very similar,

The no_ch-ultlma_.e stzengths shown for room temperature and

_" -lO0°P repre__en_ variations in Mr: which would account for .the different values.

Both lo_situdlnal and circumferential type speclmen_, had

propertie_ which were nearly equal, Yield strengths, however, were generally

higher fo_ ciz_umfare._ial spec_,uens_ and the -425°F notch-ultimate strength for.

longitudinal s_ec:m..ensat the same K_ _ms Nigher by 13,000 psi.

TTpical str_ss_strain curves and stress vs temperature dia-

grams are _hown in Figtu'e_ 6 _hrough lb.

C2) C-120 AV-EL! (6 6! hV) Alloy

l_is allo)% has higher ultimate and _leld tensile strengths than

does _I10-AT-ELT. w_h no evident difference in ductility over the entlr@ range

7



of room to cryogenic temperatures. The.notch touchiness, however, measured by ......... i

notched/u_notched ratios (K t = 6.3), is not quite as_high aB.for th_ AllO allgy.

The tensile propertles.of 6Al_4V, ELI are nearly the same in the transverse and i

longitudinal dlrections_over..thls temper_t_e rang_.

The data obtalnedls presented in Table 5 and Figures 15 through

18.

i:
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b. Stainless Steels and I_o/%.-BaseAlloys

I Chemical composition, of alloys tested are shown in Table___ together
i

_ with the spgclflcatlom..l_.mlts on .the _terlal. Average tensile properties of- _

i these alloys are shown in Table 5.
i) "

_. (1) Stainless Steel Type Jml

-_ The .increase .in tensile, strength of thls_materlal from room to
!
" llqu_d hydrogen .temperatures (approx. 6_) is much higher .than the.increase in

i_ the.yield strength (appFox. 16_)_ In spite of these strength increases, the
_ii.

_ ductility, i.e., elongation and azea reduction,, remained high at -_25°F. The

ii notched-ultimate strength at .-_23°F.was much higher than the unnotched yield

ii stnength (by a ratio of 2.56) and is indicative of satisfact.ory notch .toughness,

i_ _ in spite of.a notched to unnotched ratio of only 0.49. The test results are in

agreemen_ with the data reported by NBS._._ - _

(2) Stainless- Steel Type _47-C .(Castln_)

The increase in_tensile strength (15._)of this alloy, at:-423°F, i

was much less .than that ob_ain¢.d for type 321, but the increase in.yield st_'ength _

was much greater (80_). The ductility of the _cast apeclmens reduced drastically

wltD decrease in temperature, _,s_shawr,by a drop from 30.9% elongation at room

t_mperature to h% at -_23°F. This indicates a strong tendency toward brittle. .

hehavlor. It ShDuld_ however, be noted that. the notch-ultlmate .strength at -423°F

wz_. still appreciably higher than the unnotched yield strength indicating that the

;" ma!ezla/ _Z_s_ill be useful at..cryogenic temperatureS. ............................

•' (S,C,T).

_ls material, a martensitic, s_ai_less _teel_ reaches very high.

ultimate..(506:700 psi) and yield strengths (295,000- pal) at -423°F ....However,. the

ductility is great-is-reduced and the material becomes so notch-sensltlve that it

is not con._dered _uitable for cr_yogeniC..applications.

(k) A_lloy A286_ Ag_ Hard_ned

This material 'isideally sult.ed to cryogenic applications._ It

!_ an austenltlc type _terlal, precipltatlor_ hardened to achleYe high room

temperature strength. At -425°F, the.ultimate an? yield strengths are appreciably

9



i_i increased above room temperatures values, while 4uctil_ty remains the same as_aL, i
_j ....

i_ .425°F
_I_ room temperature. Nate the extreme notch toughness of the_materlals at...............

_:_ a_ indicated by _the high ratio of notched to unnOtcncd Strength.

i_i (5) 18_ - Nickel-Mara_in_ Steel (2_q)

_ Thls matezlal re_resents a series of alloys which .have only_
i,
_ recently come into general use. Longitudinal and_transverse.notched and unnotched

_._ flat. specimens, one-half size, were tested. Although the_elongation at -423°F .is i

_j low._ ranging from 2.0 to _.0_ the yield and _tlmate strengths are very high (in
_ the.range qf.35Q, O00 to 560_000 psi). It should be noted that at -L_30F, the ratio

of notched ultimate to unnotched.yield strength _s less than. unity _appro_. 0.95),

so tha_ caution should be used in eny low temperature application.. Vacuum,meltedi_ material_ tested transverse tothe rolling direction, exhibited slgnlfi(:antly

if: high,er ultimate and yield _trengths than air-mel_ed material, although these ;

_. propert_.es in the longitudinal direction were essentially equal. ........... ,-

iC



•!I
c. _Ickel-Base Alloys

ii _c_el'ba_e -all°YS, -alth°_'_gh n°rm_lly _,_se_ _r high temperature° appl _I _

!:: cations,, are, as a class, also well suited for cryogenic u._e._'l'ney.h_va goo_d

!_" notch toughneas and retaln.their zoom temper.a__uredUctillty# while, increasing in

'. bo_li .tensile _nd yield strengths. All three of the alloys reported here follow

this pattern.

i_ The _.hemlca!.composition of these ailoys_, tcgether with _he. spec_fi-

! ca*.ion requiremen_ are shown in T_ble 6. Average tensile proper%lea are shown

_ in Table 7_

![ (l) HastelloyC

!_. . :_ Thla alloy, at least in the annealed condition, is sui%able for

_; cryogenic applications. The yield .strength of thla.alloy increases more rapidly

' with decreasing temperature than.does the ultimate strengt.h. In splte _fthis- I.i

i_: " fac_, the material retains a comparatively high ductility (28.8_ elongation and

55,7% area reduction) at -k23°F. ._!

With.a Stress concentration factor of Kt ----6.3.,an actual increase _

in the no_ched°unnotched ratio (0_90 vs 0.8_) was obtained at liquid hydrogen

_ r.emperature. _

k' _ Inconel X-.750• (2.

il•,. _'his is a precipitation-hardened alloy with high tensile prop-

_ erties a_,room temperature (171_kO0 psi tensile, 109,6_Q0 psi yield and 26_55

i_ eiongat'_,n), The percentages of increase in tensile and yield strengths and
decrea._e in ductility from room to liquid hydrogen temperatures are less than

those for _.aStelloy C. The ratio of notched ultimate _.oannotched yi_..._.:_.:ength _

remain _.above cmityo

(3) Inc.onel 713-C

A very s.mall increase in tensilc a2,d yield strength cf this

alloy is observed at li_u!d hydrogen t¢.mperature.compared.to the corresponding

room temperature properties. Note that this alloy appears to be notch-tough,

even though the ductility at -.k25OF.Is quite low (1._ elongation). This _as

i '

i n
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also noted in _he case of cast 347-C stalnless.steel, and is evidently a charactez-

is_Ic cf cast face-centered cubic metals. At -423°F,. Inconel.713-C shows.a higher

yield strength and notched tensile .strength than cast 347 and has about, the same

ultimate strength and ductility. Luconel 7_3-C is also noticeably stronger at iroom temperature than cast 3_7_ butmuch more brlt_les as shown by lower elongatIDn :

and area r_duction. ! I

' ii
i

Ill!'
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d. Alumlnum.Alloys

The chemical composition of these alloys compared with the correspond.

I Ing specifications requlrements are shown.in Table_8..

Average tensile properties type and condition of._naterlalare shown

in Table 9. .........................................................................................................................................
?

_ (!) Allo[ A_6-T6

The ,423°F tensile properties reported fall within the region

ii. of values whlch can be extrapolated from data.published by NBS. An increase of

more than 20_ on the tensile,strength and 26_ on the yleld_strength from the

i_ respectlve room temperature data was obtained for llquld hydrogen temperature.

I. . The notched,unnotehed.ratlo of ultimate strength is approximately 0.76, indicating

I that the material is approaching brittle behavlom. Caution should be exercisedwhen utillzing this material for cryogenic applications.

_! A typical stress-straln curve is presented in Figure 19.

!
i.... The tensile properties, at both room temperature and.-4&3°F,

:_ co_mcide with information published by other investigators. This material, although

developed for elevated.temperature applications, has a .combinationof high strength

and ductility at -h23°F, which makes it a useful candidate for cryogenic appll.

" cations. The _ata show.an increase in ductility, as compared -_Ithroom temperature

: data. Th_ notched-unnotched ratloat -423°FIs 0.74, although the notched ultimate

ir strength is still above the unnotched yield strength.

Thi_ alloyls non heat_treatable and was tested in the annealed

condition. Tensile properties a_e in good agreement withdata from other lnvestl-

_ators shcwing good reproducibility. The notch ultimate strength obtained from

these _estS is much hlgher than the unnotched yield strength, indicating _atls-

factory notch toughness. Note the slight (lO_) increase in yield strength and

substantial increase (_7_) in elongation at -_23° as compared to room temperature i

data. Consequently_ this alloy is considered useful for cryogenic application_.



(4) Allo_ 6061-T6

:, The unnotched tensile and ,yieldstrength. of both plate and forged

I materials are in close, agreement with each other atbo_h room and cryogenic tem_era-

t,_-es and closel_ correapond to the.data repcrSed byNBS (Reference i). The yleld

and tensile streng_hs increase approximately 15_.and 50_, respectively, when going

from room temperature to -423°F.. The reduction in area (3_.7_) and elongation

(11_5_)of the sheet material were appreciably lower_than those of forgelmaterial

(50.7% and 19_: respectively) at room temperature. The notch tensile strength at

-_23°F was appreciably higher for the forged material. .These effects may have • i

resulted, in part, from differences in the specimen size and configuration_ _

i Standard size flat specimen were_used for the i/_-inchplate and R3(subsize)type- 1
!, specimens for the forgings. A_ in the case of the previous aluminum alloys, high !
, ductility and notch toughness make this alloy suitable for use _nder cryogenic
fi

i_ conditlons. 'i

Stress-_tzaln curves and stres_ vs temperature dlagrams are shown i

I in Figures 19 through 21. !
I

(5) A__Zlo_7o79-T6 i

Although this alloy has Seen rathe," limited use because of weld- -!" I
Ing difficulties and hrlttie_behavior at cryogenlctemperatures, its hlgh strength

(7h,300 psi at room temperature) _rranted an xkvaluation. I_ addition to the base

material, specimen_as-welded, welded and heat treate&, and aged after welding

wer_tested. _The tensile properties for base metal (97,750 pal _t -_2_°F) were !

lower, than.those reported by Lewis Research Cen_er-for 1/8 in. sheet (l!5,00Opsi,

_), and by General Dynamics for 0.OSO in. sheet (ll2_0O0.psi)-and 1_eference

sl_ghtly hlgher than for 5_0 in. billet material (94,h00 psi, Reference 5). These

comparisons indicate thatthe_sample4_eometry _ad a definite effect on the results

The data for the as-welded sheet_materlal (!abeledreJectable quality weld) are

included for information Only. Plate .material, which was fully heat-treated after

welding, had, as expected# muchhigher strength and elongatlon at alLtemperatures

than as-weldedmaterial, and between 80 and 92_ of the values for parent metal. I!

Welded and heat-treatedspec!mens from forged material exhibited higher strength

at all temperatures than did welded plate materials, it

I;_ _



The .basemetal dld_not appear notch sensltive_at .temperatures

to -300°F2 but the .welded specimens indicated .notch. sensltiv_.ty below-100°F.

i_ The very low ductility Of this alloy and the indications,of.notch sensi_Ivlty

I.: are slgnlflcant disadvantages for cryogenic applications.
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i! MechanlcaL.propertles, in particular, ultlmat_ tensile and.yleld strength,. -- _ .

!: notched strength, notch to unnotched ratio, elongation and area reduction for-
': -_our_different families of structural materials xere ebtalned and reported, i

! In general, most of the materials evaluated are suitable fo_- cryogenic
i :

[_ application depending on slze and geometry of the part to .be utilized In this_

i. environment. In selection of material .for a particular application,, not only the

.. strength characteristic of the material but, to a great deal, the ductility notch

i sensitivity, shear, strength, weld_ or _oint propertles, thermal expans_ion and many

i: other characteristics are required to fully avaluate .the suitability of a particular l

,_ material.. Caution should _be exercised with materials having .lowductility. It i

j " is recommended that materials havlng elongatlon less than 5_ be careful?.y evaluated i

i_ before utilizing in cryogenic environment.
|,
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Table b .

Chemical Analyraie .of 8tainleo8 Steel and Iron Bane A2Aoy8
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